Objectives: The objective of this study was to graphically display the pattern and magnitude of stress distribution along the periodontal ligament and the alveolar bone of upper fi rst molars on application of intrusive forces using microscrew implants.
INTRODUCTION
The effects of mechanical loads on the tooth-alveolus complex are of particular concern in orthodontics. The mechanical environment associated with orthodontic tooth movement is a unique model in bone adaptation physiology. Numerous fi nite element models of varying complexity have been developed to calculate tooth movements and stress distributions within the alveolar bone and the periodontal ligament. The stressed state of the periodontal ligament is understood to play a critical role in the tooth movement initiated by orthodontic treatment. A more conservative approach for the over eruption of maxillary molars due to loss of opposing teeth is to intrude the extruded molar orthodontically. 1 Microimplants provide stable intraoral anchorage and enable the maxillary molars to be intruded without the usual side effects. Lack of well controlled human studies and animal models makes it diffi cult to achieve an analytical solution for a problem involving complicated geometrics, although numeric methods, such as fi nite element, can be used for such studies. The periodontal ligament, tooth and the alveolar bone are all deformable entities under loads. Stress in the periodontal ligament is believed to be the initiating factor in tooth movement, and a range of stresses are transmitted to alveolar bone through the periodontal ligament. Therefore, it is essential to treat these tissues as a continuous unit, so that quantitative assessment of the stress and strain in the periodontium can be done.
The purpose of this study is to simulate the stress response in the periodontal ligament and alveolar bone, of the maxillary fi rst molars to the intrusive force using microscrew implants, since stress in the periodontal ligament is believed to be the initiating factor in tooth movement, and a range of stresses are transmitted to alveolar bone through the periodontal ligament.
MATERIALS AND METHODS

Construction of the Geometric Model
The aim was to produce a mathematical model, which represented the biological properties of the tooth and periodontium. In this study, one model of maxillary fi rst molars and second molars with their periodontal ligament and alveolar bone, with microscrew implants, force element and a transpalatal bar were constructed. The dimensions in this method were on the based on the data derived from Wheeler's dental anatomy, physiology and occlusion. 2 As the thickness of the periodontal ligament is not same all over, an average thickness of 0.28 mm was assumed and generated around the model of the root. The software used for geometric modelling was ANSYS (version 10) (Fig. 1) .
Conversion of the Geometric Model to a Finite Element Method/Discretization
The continuum is the physical body, structure or solid being analyzed. Discretization may be simply described as the process in which the given body is subdivided into an equivalent system of fi nite elements. It is achieved by replacing the continuum by a set of key points, called nodes, which when properly connected form the elements. The collection of nodes and elements forms the fi nite element mesh. The mesh generation constitutes the backbone of the fi nite element analysis (FEA). The fi nite elements may be triangles or quadrilaterals for a 2D continuum. For a 3D continuum, the fi nite elements may be either tetrahedral or hexahedral in shape and the elements could be linear quadratic or cubic in order. In this study, to model the irregular geometry of the tooth, tetrahedron meshing was selected as the fi nite element (Table 1) .
Material Property Data Representation
The different structures involved in this study include tooth, periodontal ligament, alveolar bone, implant, TPA and force element. Each structure has a specifi c material property. In this study, all the tissues were assumed to be isotropic and elastic (Table 2) .
Defi ning the Boundary Conditions
The boundary conditions were defi ned to simulate how the model was constrained and to prevent it from free body motion. The node attached to the area of the top of the bone was fi xed.
Application of Forces
A microscrew implants of diameter 1.2 mm, length of 8 mm, was placed palatally, to 3 mm thick alveolar cortical bone between maxillary fi rst and second molars on both the sides. The microscrew implants were placed at an angle of 35° to the long axis of the teeth, with the tip of the screw pointing apically. A transpalatal bar was placed on the upper fi rst molars, to prevent linguoversion of posterior teeth during intrusive force. An intrusive force of 150 gm was applied to the maxillary fi rst molars through the force element attached from the palatal implant to the hook of the transpalatal arch (Fig. 2 ).
Element Stiffness Matrix using a Variation Principle
The stiffness matrix consists of the coeffi cients of the equilibrium equations derived from the material and the geometric properties of an element and obtained by the use of principle of minimum potential energy. The stiffness relates the displacements at the nodal points to the applied forces at the nodal points.
The distributed forces applied to the structure were converted into equivalent concentrated forces at the nodes. The equilibrium relation between the stiffness matrix [K], the nodal force vector {Q}, and the nodal displacement vector {q}, was expressed as a set of simultaneous linear algebraic equations:
[K] {q} = {Q}
Assembly of the Algebraic Equations for the Overall Discretized Continuum
This process includes the assembly of the overall or the global stiffness matrix for the entire body from the individual element stiffness matrices, and the overall global force or load vector from the element nodal force vectors. The overall equilibrium relations between the total stiffness matrix [K], the total load vector {R} and the nodal displacement vector for the entire body {r} will again be expressed as a set of simultaneous equations:
[K] {r} = {R}
Solutions for the Unknown Displacements
The algebraic equations assembled are solved for the unknown displacements. In linear equilibrium problems, this is a relatively straightforward application of matrix algebra techniques. However, for nonlinear problems, the desired solutions are obtained by a sequence of steps, each step involving a modifi cation of stiffness matrix and or load vector.
Computation of the Element Strains and Stresses from the Nodal Displacements
The result of an analysis is called post-processing. Stresses (N/mm 2 ) were calculated and presented in colorful bands; different colors represented different stress levels in the deformed state (Fig. 3) .
RESULTS
Stresses were caculated and presented in colorful bands: red color column of spectrum indicates maximum principal stresses and following colors, like orange, yellow, pink, green, blue, represent reducing level of stress, and white color spectrum represents the lowest level of stress. The results were obtained as displacement of the teeth, periodontal ligament, and alveolar bone and the distribution of stresses in various structures. • Maximum deformation in the alveolar bone was found in the implant area (0.184 × 10 -3 mm) and deformation was also seen in mesial and distal cervical alveolar bone of the fi rst molars. Minimum deformation was seen in the palatal alveolar bone (Fig. 4A ).
• Maximum stress in the alveolar bone was seen in the implant area (7. 155 N/mm 2 ). Moderate in the mesial and distal cervical alveolar bone (Fig. 4B ).
• Displacement in periodontal ligament was maximum at cervical area (0.285 × 10 -4 mm) minimum at the mesiobuccal root apex (Fig. 4C ).
• Maximum stress in the periodontal ligament was seen in the distal cervical of the palatal root surface of the fi rst molar (0.008993 N/mm 2 ) and minimum at the palatal root surface of the second molar (Fig. 4D ).
• Maximum deformation was seen at the head and neck region of the implant (0.976 × 10 -3 mm) and minimal in the tip of the implant (Fig. 4E ).
• Maximum stress was seen in the implant at the neck region where it is inserted in the bone (15.258 N/mm 2 ) and minimum stress was seen in the head region of the implant (Fig. 4F ).
• Overall maximum stress in the implant insertion area.
Minimum stress was noted in the TPA (Fig. 4G ).
• Overall maximum displacement was seen at occlusal one-third of the maillary fi rst molar crown (0.513 × 10 -4 mm) and minimum at the root of the second molar (Fig. 4H ).
• Maximum stress in the enamel was seen in the distal aspect of the CEJ (0.423 N/mm 2 ). Minimum stress was seen in the middle one-third of the crown.
• Overall tooth stress was maximum in the distocervical aspect of the fi rst molar (33.981 N/mm 2 ). Minimum was seen in the palatal root surface of the second molar.
• Maximum stress in the TPA was noted at the joint area to the fi rst molar band (2.298 N/mm 2 ). Minimum at the loop of the TPA.
• Maximum band stress was noted at the distopalatal aspect of the fi rst molar band (0.36196 N/mm 2 ). No tipping was observed during intrusion. This study demonstrate that signifi cant true intrusion of maxillary molars could be obtained in a well-controlled manner by using fi xed appliances with microscrew implant as bony anchorage.
DISCUSSION
Finite element method (FEM) provides three-dimensional model with a freedom to simulate orthodontic force system applied clinically and allows the analysis of the reaction of the dentition to orthodontic load in three-dimensional spaces. Finite element analysis makes use of computer to solve large number of equations, which simulates the physical properties of the structure being analyzed. Trying to understand or predict the complexities involved in response to forces has always been a challenge for orthodontists.
Andersen KL et al (1991) 3 conducted a study to evaluate levels and profi les of initial stress in the periodontal ligament after application of various force systems. As expected, there was a marked variation in stress distribution from cervical area to apex when tipping forces were applied. Bobak V et al (1997) 4 carried out finite element method of analysis to analyze theoretically the effects of a taken into consideration when immediate loading of the microimplant is planned. Richard J Smith et al extensively studied the mechanics of tooth movement. They concluded that orthodontic forces can be mathematically treated as vectors, when more than one force is applied to a tooth, the forces can be combined to determine a single overall resultant. 8 The periodontal tissues exhibit nonlinear behavior in response to external forces. However, the nature of biomechanical behavior of the periodontium before and after orthodontic tooth movement has not been elucidated because of the difficulties in measurement. It is thus important to investigate the biomechanical reactions of the periodontium to the external forces to determine an optimal force application for orthodontic tooth movement. Understanding the principles of biomechanics and the manner in which the tooth and its supporting structures react to forces and moments help to prevent damage to the periodontium during treatment.
Dr Robert M Ricketts said, 'orthodontics is a profession where one enhances the facial esthetics by using the dentition as a tool'. This is even more valid in the 21st century when teeth can be moved much more easily and in a more controlled fashion with miniscrew implants. 9 One model of maxillary fi rst molars and second molars with their periodontal ligament and alveolar bone, with microscrew implants and a transpalatal bar was developed with defi ned material properties. A microscrew implants of diameter 1.2 mm, length of 8 mm, was placed palatally, to 3 mm thick alveolar cortical bone between maxillary fi rst and second molars on both the sides. The microscrew implants were placed at an angle of 35° to the long axis of the teeth, with the tip of the screw pointing apically. A transpalatal bar was placed on the upper fi rst molars, to prevent linguoversion of posterior teeth during intrusive force. An intrusive force of 150 gm was applied to the maxillary fi rst molars. The fl exibility of the FEM in modifying geometry, allowed the simulation of the stress response in the periodontal ligament, alveolar bone, of the maxillary fi rst molars to the intrusive force using microscrew implants. In a study conducted by John Middleton et al in the fi nite element model analysis, bone was found to experience a low strain of 1 × 10 -5 mm, whereas the periodontal ligament experienced a strain of 0.1 mm when the 'tooth model' is loaded. The results suggest that in this computerized representation of the tissues a strain of significantly greater magnitude is found in the periodontal ligament in comparison to that found in the bone surrounding the tooth. 10 The current study supports the study by John Middleton et al that the periodontal ligament appears to experience relatively high strains, whereas the adjacent bone appear and concluded that mini-implants can be used as temporary anchorage devices. K Tanne et al 6 concluded that the Youngs modulus of the PDL was demonstrated to be greater in the adults than in the adolescent subjects. The differing biomechanical properties of the PDL in adults were demonstrated to result in almost equivalent or somewhat increased stress levels in the PDL in adult subjects and thus leads to a delay in tooth movement. The results given by Jeon PD et al (1999) 7 suggest that the root morphology of the maxillary fi rst molar makes it less susceptible to apical root resorption relative to the anterior teeth during tooth movement. In the current study, when intrusion force of 150 gm was applied to the fi rst molar, maximum stress was observed in apical one-third of the mesiobuccal root surface of fi rst molar 0.178 N/mm 2 . And, minimum stress in the middle one-third of mesiobuccal root surface of the fi rst molar. Overall maximum stress in this study was found in the implant insertion area in the alveolar bone of 7.155 N/mm 2 . It reminded of the initial stress be to be in a low strain fi eld. Thus, if strain is accepted as a contributor to the remodelling process, then the fi ndings of this theoretical study support the contention that it is the periodontal ligament that controls the remodelling process rather than the bone itself. Frost, 11 after examination of the bone elsewhere in the body, has suggested that for bone remodelling to occur, the strain level should exceed a value of 0.02 mm. There is no reason to expect the situation to be any different for alveolar bone. In the current study, maximum deformation in the alveolar bone was found to be 0.18 mm. Strain in periodontal ligament was maximum at cervical area of 0.28 mm. Thus, arguments put forward by Frost appears to be correct and applicable to dentoalveolus. The limitations of this study involve approximations in the material behaviors and geometrics of the tissues. The stress-strain relationship of the tissues were assumed linear-elastic and isotropic, and the variation of density and trabeculation of alveolar bone were not considered. The viscous nature of the PDL comes from the tissue fl uid, and the elastic behavior from the fi bers. The anisotropy results from the orientation of the fi bers. Studies have been done to examine anisotropy, 12 and the viscoelastic behavior 13 of the PDL which is characterized by time-dependent strain, but these have been limited to two-dimensional analysis. The anisotropic and viscoelastic behavior of the PDL should be examined in further studies using three-dimensional fi nite element method. In this model, the tooth was simplifi ed as homogenous, and complicated modelling of internal tooth structure was considered unnecessary because force transmission to the PDL is not signifi cantly changed by the internal design of the tooth due to its much high stiffness relative to the PDL. Another limitation comes from the approximation of tissue geometrics. Variations in root morphology and the PDL thickness may affect stress value and distribution.
CONCLUSION
This research gains added importance with the increased number of adult orthodontic patients who present themselves for treatment for extruded molars due to early loss of antagonistic tooth.
No tipping was observed during intrusion. This study demonstrate that signifi cant true intrusion of maxillary molars could be obtained in a well-controlled manner by using fi xed appliances with microscrew implant as bony anchorage.
